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In recent years there has been considerable interest in intersubband-transition-based
infrared semiconductor quantum well (QW) lasers because of their potential applications. In
the mid-infrared range, both electrically-injected quantum cascade lasers 1] and optically-
pumped multiple QW lasers [2] have been experimentally realized. In these studies, optical
gain is due to population inversion between the lasing subbands. It was also proposed
that stimulated Raman scattering in QW systems can produce net infrared optical gain
[3]. In such a nonlinear optical scheme, the appearance of optical gain that may lead to
intersubband Raman lasers does not rely on the population inversion. Since, in the resonant
Raman process (Raman gain is the largest in this case), the pump field induces population
redistribution among subbands in the QW system, it seems that a realistic estimate of the
optical gain has to include this effect. Perturbative calculations used in the previous work
[3] tuay overestimate the Raman gain.

In this paper we present a nonperturbative calculation of terahertz gain of optically-
pumped semiconductor step quantum wells. Limiting optical transitions within the conduc-
tion band of the QW, we solve the pump-field-induced nonequilibrium distribution function
for each subband of the QW system from a set of coupled rate equations. Both intrasubband
and intersubband relaxation processes in the quantum well system are included. Taking into
account the coherent interactions between pump and THz (signal) waves, we derive the sus-
ceptibility of the QW system for the THz field. For a GaAs/AlGaAs step QW, we calculate
the THz gain spectrum for different pump frequencies and intensities. Under moderately
strong pumping (~ 0.3 MW /em?), a significant THz gain (~ 300 cm™!) is predicted. It
is also shown that the coherent wave interactions (resonant stimulated Raman processes)
contribute significantly to the THz gain. Our theory is outlined as follows.

We consider an asymetric step quantum well structure with three subbands. The two
upper subbands are the lasing states, and the subband energy separation (Ej;) at zero wave
vector ol electrons (k; = 0) lies in the THz frequency range (1-10 THz or 4-40 meV). The con-
duction band nonparabolicity is taken into account by using a subband-energv-dependent
effective mass scheme. A strong pump field of frequency w, (hw, = F3) drives the QW
system, as illustrated in the inset of Fig. 1. The pup field induces a redistribution of elec-
trons atnong the three subbands. The rate equations that govern the electronic distribution
functious [ £, (k) = f..(m = 1,2,3)] are given by [4]
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In the above equations Ti., Tina, and T, are the intrasubband carrier-carrier scattering
time, intersubband relaxation time, ‘and line broadening, respectively. In the electrical
dipole approximation, the matrix element of the light-quantum-well interaction Hamilto-
‘nian is H,,, = —Eppunn, where E, denotes the amplitude of the pump electric field that is
polarized perpendicular to the wells and y,,.,, is the dipole matrix element between subband
m and subband n. The quantities f£(m =1, 2, 3) are considered to be the quasi-equilibrium
distribution functions since the intrasubband relaxation processes in QW systems are usu-
ally very fast (in fs ranges). For a given temperature and electron density, the steady-state
nonequilibrium distribution function for each subband is uniquely determined from Egs. (1)-
(3). Here we would like to emphasize that the total particle number in our QW system is
conserved in our treatment.

Taking into account the pump and ‘THz wave interactions in the QW system, we find
the off-diagonal element of the density matrix operator between subband 3 and subband 2

at the THz frequency w is given by [4]
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where F, is the THz field in the QW, and
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Afw, wp) in Eq. (5) is responsible for the Optl(_d,l Stark effect while 'R(w w,,) gues rise to the

Raman gain of the QW system. From Eg.- (5) we define the SUSCL})tlhlhtV for the THz probe
ficld as L
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L., being the width of the active layer. Therclore, the optical gain is given by
w
G(w) = ———Tm[x(w)] . (9)
Coly

Using Fas. (1)-(9) we calenlated the Tz gain spectrnm of a GaAs/AlGaAs step QW at
different pump frequencies and intensities. A typical result is shown in Fig. 1. Tn caleulating
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Figure 1: THz gain spectrum of a GaAs/AlGaAs step quantum well with a subband separa-
tion of Ey, ~25 meV for different pump intensities, i.e. 0.1, 0.3,0.6, and 1.0 MW /cm?. The
pump photon energy is fus, = E3; <125 meV. The other parameters used in the calculation
are given as follows: the sheet electron density is 5.16x10' cm™?, Te=0.6 ps, Ta=1.0 ps,
T31=1.2 PS, 7"32=1.5 Ps, and F12 = F13 = F23=3.0 meV. B

Fig. 1, the following parameters were employed: the deep well width is 65 A, the shallow
well width is 130 A, T'}p = T3 = [93=3.0 meV, T..=0.6 ps, 7=1.0 ps, 753,=1.2 ps, and
T32=1.5 ps. The sheet electron density is 5.16x10'® cm~2. The temperature is T=100 K.
The pump photon energy is hw, = E3; =~ 125 meV. The pump intensity is varied from 0.1
to 1.0 MW/cm?. Our calculations show that the optical gain is strongly dependent on the
pump intensity and frequency, and the maximum gain is not linearly proportional to the
pump intensity as given in the previous perturbative calculations [3] even when the pump
field is moderately strong because of the optical Stark effect as well as the pump-induced
population redistribution among the subbands.
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